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Since the beginning of 2012, an emerging plant disease, referred to as Fusarium dieback (FD), has been detected on several host plants in Los Angeles and Orange Counties, CA (7) . FD is caused by the combined effects of a tiny (<2.5 mm) invasive ambrosia beetle (Scolytinae) and its symbiotic fungal partner, a currently undescribed Fusarium sp. (7, 15) . Adult female beetles burrow into a tree, creating brood galleries beyond the cambium, which are concurrently inoculated with the Fusarium sp. The fungus colonizes the gallery walls and becomes the sole source of food for developing larvae and adult beetles (7, 15) . The fungus invades the vascular tissue of the tree, blocking water and nutrients from the roots to the rest of the tree, eventually causing branch dieback and tree death ( Fig. 1) (7, 15) .
The specific identity of the beetle is currently unknown. It is morphologically indistinguishable from the tea shot hole borer (TSHB), Euwallacea fornicatus, a serious pest of tea (Camellia sinensis) in Sri Lanka and India (5) ( Fig. 2A-C) . However, there are significant differences in nuclear and mitochondrial DNA sequences between the California beetles and those from tea plantations in Sri Lanka and other Asian collection sites (P. F. RugmanJones and R. Stouthamer, unpublished data). This indicates that the California beetle is most likely a separate, congeneric species (representative mitochondrial sequences for the two species are available in GenBank [1] , accession numbers JX912723-JX912725). Species within the genus Euwallacea have been subject to much revision and synonymization (28) ; therefore, establishing the exact identity of this beetle is likely to require extensive taxonomic research. Thus, for the purpose of this study, the beetle is simply referred to as Euwallacea sp. and the common name polyphagous shot hole borer (PSHB) is used.
In California, PSHB was first collected in 2003 from several tree species (20) but there were no reports of fungal damage before 2012. Preliminary survey data in 2012 showed that backyard avocado trees and many other woody plants in the urban landscape, especially castor bean (Ricinus communis), were heavily infested with this beetle-fungus disease complex in Los Angeles and Orange counties (A. Eskalen, unpublished data). Some of the most heavily infested areas in southern California are home to two of its biggest botanical gardens, the Los Angeles (LA) Arboretum and The Huntington Library, Art Collections and Botanical Gardens, which are relatively close to the original 2003 find of the beetle. These botanical gardens harbor a wide range of plant species that represent unique and common ecosystems from all over the world, and contain all the host species planted throughout urban forests in southern California. In addition, the collections receive more consistent and even care as opposed to lands with multiple management strategies. Therefore, the botanical gardens provided a perfect natural laboratory to investigate the plant host range of the beetlefungus complex. An understanding of the host range of the beetlefungus complex is important in determining the present disease distribution and to make predictions about its future distribution.
At present, the beetle-fungus complex appears to be limited to the urban forest. In itself, this will likely present economic problems for households and cities that must bear the cost of removing dead or dying trees. However, the same disease complex was also found in Israel in 2009 in commercial avocado orchards, where it causes significant damage to avocado trees (15) . Thus, the presence of FD in urban landscapes throughout southern California is a concern for the California avocado industry because it may eventually spread to commercial avocado groves. Similarly, the wide host range of this beetle may ultimately threaten native trees in the natural forests of southern California.
The objectives of this study were to (i) determine the plant host range of the PSHB and Fusarium sp. and (ii) characterize their symptoms on different host plants.
Materials and Methods
Host identification and symptom characterization. Trees were visited and identified to species at the LA Arboretum and The Huntington Library, Art Collections and Botanical Gardens in Los Angeles County; specific locations of sampled trees were noted using global positioning system equipment (Garmin 60CSx, 5-to 10-m accuracy). Each botanical garden covers approximately 48 ha and, in general, the species collections housed in each are different. Although the gardens contain a large number of plant species, the criteria in host plant selection included (i) common street trees found in southern California (4), (ii) agriculturally important trees and vines, (iii) species of tree families, and (iv) trees randomly encountered in the search for species outlined using the criteria i-iii.
Signs and symptoms of FD (presence or absence; see Results), severity of beetle colonization (0 = none, 1 = minor [1 to 10 entry holes], 2 = moderate [10 to 30 entry holes], 3= [>31 entry holes]), and branch dieback (0 = none, 1 = minor [1 to 25% of branches showed dieback], 2 = moderate [25 to 50%], and 3 = severe [>50%]) were also recorded. For each tree species showing symptoms characteristic of FD (one tree per species), tissue samples were collected by extracting symptomatic tissue from the trunk with a sterilized knife to a depth beyond the cambium. Samples were returned to the laboratory (University of California, Riverside) for morphological and molecular identification of the beetle, the fungus, or both. If visible, beetles were collected and put directly into 95% ethanol for later molecular identification (see below). The data were analyzed using JMP 9.0.0 statistical software (SAS 2012). Logistic regression was used to determine the presence and absence of Fusarium sp., gumming, and severity of beetle attack as contributing factors to branch dieback >50% at α = 0.05.
The suitability of a tree species to act as a reproductive host for the PSHB was evaluated, where possible, by cutting into trees and confirming the presence of eggs, larvae, pupae, or teneral females or males in the galleries. Trees that did not show signs of heavy infestation by PSHB were not cut to examine and confirm as a reproductive host because species of these trees were limited in number within the botanical gardens' collections.
Fusarium sp. and PSHB confirmation. To carry out fungal isolations, gross contamination was removed before bringing plant samples into a clean area by briefly flaming samples and removing the outer surface with a sterilized paring knife. All samples were then split in half and pieces excised from the leading margin of clean necrotic tissue were plated onto potato dextrose agar (Difco) amended with 100 µg of tetracycline (Fisher Scientific). Plates were incubated at 25°C, and fungal growth was subcultured for identification and long-term storage after 7 to 10 days.
Total genomic DNA was extracted from the mycelium of each isolate using the method described by Cenis (2) . Portions of the following four gene fragments were chosen for multilocus sequence typing based on published genetic analyses (3, (16) (17) (18) 29) : the internal transcribed spacer (ITS) region, translation elongation factor 1-α (EF1-α), the second-largest subunit of RNA polymerase (RPB2), and DNA-directed RNA polymerase subunit 1 (RPB1). Each 25-µl polymerase chain reaction (PCR) mixture contained 19.4 µl of PCR-grade water, 2.5 µl of standard Taq reaction buffer, 0.5 µl of dNTPs (10 mM), 0.125 µl of NEB Taq DNA polymerase (5,000 U/ml; New England BioLabs), 0.5 µl of each primer at 10 mM, and 1.5 µl of template DNA. PCR was carried out in a thermal cycler (Bio-Rad Laboratories, Inc.) using published cycling conditions (14, 17, 25) . Amplification products were separated by electrophoresis in 1.5% agarose gels in 1.0× Tris-boric acid-EDTA buffer and visualized under UV light after staining with SYBR Green (Invitrogen). PCR products were purified using an Exo SAP-IT kit (Affymetrix). ITS, EF1-α, RPB1, and RPB2 regions were sequenced in both directions at the Institute for Integrative Genome Biology at the University of California, Riverside. Sequences of isolates from the present study were confirmed as Fusarium sp. after a BLAST search comparison in GenBank, which showed they were 100% homologous to known sequences of isolates of Fusarium sp. from Eskalen et al. and Mendel et al. (7, 15) . The ITS, EF1-α, RPB1, and RPB2 sequences used in this study were deposited into GenBank.
PSHB collection and confirmation. When present, live beetles were collected directly into 95% ETOH and returned to the laboratory for identification. In the field, beetles were collected from the surface of the trees using forceps. If they were in a gallery, the beetles were first coaxed to the entrance by spraying 95% ethanol in the gallery and then removed with the forceps (11) .
In the laboratory, DNA was extracted from individual beetles by grinding two to three tibia in 2 µl of proteinase-K (>600 mAU ml -1 ; Qiagen) and 35 µl of Chelex 100 resin (Bio-Rad Laboratories) followed by incubation for 1 h at 55°C, then for 10 min at 99°C. A section of the cytochrome c oxidase subunit I gene commonly used in barcoding studies (10) was amplified using the primers LCO1490 (5′-GGTCAACAAATCATAAAGATATTGG-3′) and 
Sawtooth oak … … China, Korea and Japan HCO2198 (5′-TAAACTTCAGGGTGACCAAAAAATCA-3′) (8) . PCR and sequencing was performed as described by RugmanJones et al. (23) . Sequences were aligned manually using BioEdit, version 7.0.9.0 (9). Primers were removed and each sequence was translated (http://www.ebi.ac.uk/Tools/emboss/transeq/index.html) to confirm the absence of nuclear pseudogenes (26) . All specimens were confirmed as PSHB (and not TSHB) by comparison with GenBank accession numbers JX912723-JX912725. 
Results
Host identification. Of 335 tree species (in 83 families) examined (Tables 1 and 2 ), 207 (62%) had symptoms consistent with attack by PSHB (small entry holes in tree bark, wet spots, gumming, white powdery exudate, and frass; Tables 1 and 3 ; Figs. 3A-K and 4A-C). The 207 species belonged to 58 families, with origins representing all the continents except Antarctica. Among the attacked species were 11 species native to California, and 13 that are agriculturally important crops in California (see below). There were 128 tree species in 58 families without obvious signs of attack by PSHB (Table 2) . Thirty-three plant families examined contained species that were both attacked and not attacked by PSHB.
Fungal DNA was extracted from Fusarium sp. isolates recovered from symptomatic tissues of 113 of the 207 tree species (54%) attacked by PSHB. In all cases, sequences of the ITS, EF1-α, RPB1, and RPB2 genes of the fungus were identical to the respective known sequences of isolates of Fusarium sp. from Mendel et al. (15) (GenBank accessions JQ038007 to -038034) and Eskalen et al. (7) (GenBank accessions JQ723753 to -723756 and JQ723760 to -723763). These findings indicate the susceptibility of the host tree to the growth of Fusarium sp., at least at the site of the entry hole. Fungal sequences generated in the current study have been deposited in GenBank under the following accession numbers: ITS, JX891673 to -JX891784; EF1-α, JX891785 to -JX891896; RPB1, JX891897 to -JX892008; and RPB2, JX892009 to -JX892120. Fusarium sp. was isolated from 113 tree species in 40 families. Families with the highest number of infected species were the Aceraceae, Fabaceae, and Fagaceae.
Of the tree species susceptible to varying degrees of attack by PSHB, 19 were suitable for beetle reproduction. Suitability for reproduction was confirmed by either the presence of eggs, larvae, pupae, or teneral females or the presence of males in the galleries (Table 3 ; Fig. 5 ). This number might be an underestimate, because confirmation requires cutting into trees, which was not logistically possible at the time due to the limited number of trees that represent each species within the botanical gardens' collection. All tree species considered to be reproductive hosts had severe branch dieback (Fig. 3I-K) , and the death of mature reproductive hosts that were infested with FD was observed for Quercus robur, Acer negundo, and R. communis. A. negundo and Q. robur also exhibited leaf wilting and discoloration on the branches prior to dieback and tree death.
Symptom characterization. Symptoms surrounding the beetle entry hole included staining (71% of hosts), gum deposition (33% of hosts), and white powder-like exudates (11% of hosts) (Figs. 3,  4 , and 6, Tables 1 and 3 ). Staining was characterized by a moist discoloration of the outer bark that oozed out of the entry holes in various amounts, depending on the host (Fig. 3A-D) . Discoloration caused by fungal colonization was observed underneath the inner bark layer when the beetle entry hole penetrated through the cambium and into the xylem (Figs. 7 and 8) . On various hosts, PSHB attack resulted in the deposition of an amber colored gum that exuded through the entry holes and varied in consistency between spongy and pliable to solid and hard, depending on the host (Table 1, Fig. 3E-H) . After peeling back the outer bark beneath the gum deposition, tissue discoloration was observed and subsequent recovery of Fusarium sp. occurred on 46% of the tree species showing a gumming response (Table 2) . Otherwise, the beetle was found embedded within the gum deposit, and there was no discoloration of the plant tissue. A white powdery exudate was observed on some species (Table 1) . On avocado, it characteristically emerged from entry holes and formed a white "sugar volcano" approximately 1 to 15 cm in diameter and 0.5 to 5 cm in height (Fig. 4A) . Frass was occasionally observed, particularly on trees in the Aceraceae (Fig. 4B) . In total, 26% of the identified hosts of FD had branch dieback on over 50% of the tree. Symptoms of branch dieback were typically observed on primary branches where areas of weakness caused by beetle and fungal colonization were observed at the branch nodes (Figs. 3I-K and 8A-F). For trees attacked by PSHB, the likelihood of a higher than 50% branch dieback was positively correlated with presence of Fusarium sp. and increasing severity of PSHB attack, and negatively correlated with symptoms of gumming (Table 4) .
Estimated frequency of trees affected by PSHB-Fusarium sp. complex in the urban forest. The botanical garden survey was used to determine the susceptibility of 103 common street tree species (Table 5 ). In all, 53 species were attacked by PSHB and, of these, Fusarium sp. was isolated from 36. The beetle was able to reproduce in six of these species. Relating these numbers to the relative abundance of the different trees in the urban environment of southern California (4) reveals that, of the individual street trees, over half (56%) belong to species that are attacked by the PSHB, 48% belong to species that are hosts to the Fusarium sp., and 26% belong to species that are reproductive hosts of PSHB (Table 5) .
FD complex in agriculturally important plants. In this survey, 13 agriculturally important crops displayed signs and symptoms consistent with PSHB attack (Table 1) . Of these, growth of the Fusarium sp. was confirmed on avocado, eastern mulberry, olive, macadamia, Turkish hazelnut, loquat, peach, grapevine, and citrus (although the latter does not appear to be commonly attacked). Avocado was the only species confirmed as a reproductive host for PSHB. Symptoms consistent with attack by PSHB were detected on cassava, Japanese persimmon, Japanese crabapple, and eastern black walnut but the Fusarium sp. was not detected growing on these species. The following agricultural crops showed no evidence of PSHB attack: date palm, pomegranate, edible fig, apple, and most citrus tree varieties (see above; Table 2 ).
Discussion
Host range, symptoms, and plant responses. In this study, we present the host range of an emerging generalist pest-pathogen complex in California. The behavior of PSHB was consistent with the ecological group of first-degree primary polyphagous borers that invade healthy trees in many different plant families (5, 12, 22, 24) . Plant species attacked by the FD disease complex have worldwide origins, and include species such as the critically endangered dawn redwood (Metasequoia glyptostroboides) from China. In purely economic terms, however, the threat posed by FD to important agricultural crops, ornamental trees used for landscaping, and native forest tree species in California is a major concern. The wide host range of PSHB described in our southern California study was consistent with literature reports for the "tea shot hole borer" (5) . However, with the present uncertainty about the species status of individuals morphologically recognized as E. fornicatus, the host range reported by Danthanarayana (5) may actually refer to the hosts of two (or more) cryptic species, each with a more limited host range.
Currently, it is difficult to estimate the longevity of trees infested by either the beetle or fungus alone, or trees that are reproductive hosts. Even though a tree species is not a reproductive host, an attempted PSHB attack may serve as an infection site for Fusarium sp. In some cases, Fusarium sp. was not able to infect the tissue. Even on known hosts of the fungus, tree infection required penetration into at least the cambium layer, which generally varied in depth below the outer bark between species. Given that 82% of species susceptible to FD in the present study are not reproductive hosts, we conclude that infection is most likely due to susceptibility of the tree to the fungus if the beetle is able to penetrate into or through this critical layer of tissue. Based on the previous observations of Fusarium sp. clogging conductive tissue within the tree (7, 15) and dead or dying reproductive hosts infested with FD, and given that there is a correlation between severity of the beetle attack (which thereby increases severity of infection by Fusarium sp.) and the observed dieback, we may predict that, over time, infection by Fusarium sp. may lead to tree death in some species. Although gumming was present on some tree species from which Fusarium sp. was also recovered, severe branch dieback was more likely in trees that did not exhibit gumming. This suggests that trees with gumming may be more resistant to beetle (12) and fungal attack. Most trees with gumming did not have necrotic tissues beneath the bark because the gum provided a physical barrier for beetle and fungal entry into the plant. This pattern is consistent with attack to trees by the TSHB in southern Asia, although there is no mention of resistance to fungal infection (5) . Host response and resistance to disease or beetle infestation of this particular complex needs to be studied further to control disease establishment and spread.
Potential threat to California landscapes, agriculture, and global plant communities. The research and understanding of the distribution and impact of the FD complex are in the very early stages. However, the ability of this complex to attack multiple tree species in a large number of families suggests that it may become established across a range of plant communities on both a local and global scale. Phytophthora ramorum is an example of a generalist pathogen within California that also has a global distribution. It is the cause of sudden oak death, or ramorum dieback. This pathogen has killed thousands of oaks, tanoaks, and other woody hosts in California plant communities (6, 13, 19, 21) . However, the number of families susceptible to natural attack by Fusarium sp. in this study is five times higher than that of P. ramorum (6) .
Reproductive hosts are negatively impacted when infected with FD and perpetuate healthy populations of PSHB, which facilitates long-term disease establishment and spread within a system. This study revealed that 5 of the 11 California native plant species surveyed were reproductive hosts of PSHB. This suggests that native plant communities and landscapes with these host plants are in danger of attack. Natural plant communities that are particularly vulnerable in southern California because reproductive hosts of PSHB are dominant members of the plant community include mixed evergreen forests, oak woodlands, foothill woodlands, and riparian habitats. Also noteworthy was that each continent on the globe had at least one reproductive host in this study, excluding Antarctica. This indicates a potential for FD establishment on a global scale. Studies on climatic conditions and other factors that influence PSHB distribution need to be implemented to determine the degree to which areas in other parts of the world are at risk for establishment by PSHB and Fusarium sp.
The juxtaposition of agriculture, urban landscapes, and forests in southern California harboring reproductive host species allows for potential rapid disease spread over a large geographic area that would otherwise be limited to islands of suitable habitat for PSHB and Fusarium sp. As an example, the urban forest in southern California could exacerbate the spread of FD, given that 48% of the street trees in southern California (4) belong to species that were confirmed as susceptible to FD. Six of these tree species are also reproductive hosts for PSHB, including American sweetgum, which is one of the most commonly planted street trees. Additionally, castor bean, a reproductive host and weed with a global distribution, is prevalent in urban, agriculturally important, and riparian areas and in the interface between these landscapes in southern California (27) . The potential costs associated with the infestation of the urban forest may become substantial.
The FD complex is of special concern to the California avocado industry. It is already established and causing significant losses in commercial avocado groves in Israel (15) . Given the high frequency and broad distribution of reproductive hosts and other host species throughout the region, disease spread and widespread establishment into commercial avocado groves in southern California is almost inevitable. At the time of writing, symptoms of FD have not been observed in commercial citrus groves or vineyards but have been confirmed in two commercial avocado groves in Los Angeles County. Disease distribution throughout southern California is currently being investigated.
Although studies are underway to determine host resistance, disease distribution, and impact, the results from this study suggest that plants confirmed as nonhosts, or hosts that display symptoms of resistance to PSHB, be given priority in future landscape plantings. 
